T HE METHODS used to produce experimental heart failure fall into several general categories. They are: first, damage to the myocardium of the right heart brought about by ligation of the coronary arteries 1 or by cauterization of the myocardium 2 ; second, interference with filling of the right and left heart by constriction of venous inflow tracts 3 or by elevation of pericardial pressure; third, generalized damage to the myocardium, 1 ' 5 and finally, valvular lesions on either the right or left side of the heart. 6 Most of the methods cited above have been used for acute experiments. The production of chronic congestive heart failure, which simulates that seen in humans, has been difficult to induce in animals. According to Hamilton 7 :
"Many attempts have been made to . . . produce congestive failure of the circulation with high venous pressure and edema. It is difficult to point to an experiment which has been successful . . . it has not as yet been possible to produce any measurable degree of pulmonary congestion accompanied by edema and generalized venous engorgement. These signs must accompany each other before the experimental situation may be said to resemble congestive failure of the circulation."
During the course of work on experimental hypertension we found that severe constriction of the aorta yielded a picture of congestive This investigation was supported in part by a research grant (United States Public Health Service Number H 54-C5) from the National Heart Institute of the National Institutes of Health, Public Health Service, and the Los Angeles County and San Diego County Heart Associations.
Received for publication May 27,1953. heart failure very similar to that which occurs in human hypertension.
METHODS
The rabbits (New Zealand Whites or Californians), ranging from 4 to 6 pounds in body weight, are kept in metabolism cages so that food and water intake and urine excretion can be measured throughout the animal's survival time as well as during a preoperative control period of one week. Blood pressures are obtained from the central ear artery by a modification of the Grant capsule technic. 8 Successive readings are made until they are within 10 mm. Hg of each other.
For the operation, the animal is fasted overnight. After induction of the ether anesthesia, a Goldblatt clamp (0.6 cm. by 0.3 cm. by 0.5 cm.) is applied to the aorta between the celiac artery and the superior mesenteric artery. The clamp is closed down until a resistance is felt which is due to pressing the walls of the aorta together. Then the clamp is opened a given number of turns. The most satisfactory results have been obtained when the aorta is reduced to about one-fourth the original size, that is, when the clamp is opened a total of one and three-fourths to two turns.
X-ray pictures of the heart are obtained with the animal tied down in a supine position. Special care is taken to have the animal in the same position every time. The heart area is determined by tracing the heart shadow onto paper of uniform weight, cutting this out carefully and weighing it. Successive pictures on the same animal under constant conditions give values that are within 5 per cent of each other.
RESULTS
Experimental Observations. Thirty-three rabbits have been subjected to aortic constriction. alterations of the heart size. Eight experimental rabbits were studied for this and showed a definite correlation between heart size and blood pressure level. Table 2 shows the complete data obtained from two experimental and two control rabbits subjected to a sham operation. It is difficult to explain the decrease in heart size seen in the control animals two hours after operation, since at this time the animals were well out of the ether anesthesia. However, within 24 hours the rabbits with aortic constriction displayed some increase in heart size, while the controls did not. With further elevation in blood pressure over a period of several days the heart size increases. This can probably be attributed to dilatation up to about 48 hours. However, as shown in columns C and D of table 1, there is a definite hypertrophy of ventricular musculature within several days. The food and water intake of the majority of rabbits increases gradually day by day from death rate occurred within seven days after operation.
As soon as the aorta is constricted there is an immediate, brief rise in blood pressure. This rise may last one-half hour or so and then the blood pressure drops to normal or subnormal values. The blood pressure remains at these levels for one to six days and then increases and remains high until the animal dies. Varicosities of the iris vessels accompany the rise in blood pressure.
Blood pressure changes were reflected in the very low level of the first postoperative day. However, unless the animal lives beyond about three weeks, the daily intake rarely reaches the preoperative level. Also, postoperative urine output follows the same general trend as water intake. With the decrease in urine volume, there is an increase in urine specific gravity which suggests that renal function is adequate. In general, then, the rabbits appear healthy and seem to be having a normal postoperative recovery. Suddenly, however, this recovery period is interrupted. The rabbits * Histologic sections of tissues of three rabbits were not made, f A.P.C. = acute passive congestion.
begin to take less food and the signs of heart failure (labored breathing, hyperpnea, and cyanosis) appear. Death follows within hours to days after the onset of these signs. Sections of heart, lung, liver, and kidney were saved for histologic study on most of the animals. The results of these studies on the lung and liver are given in table 3. No significant changes were seen in the kidney except for a mild degree of passive congestion. The heart showed no significant histologic changes.
The most pronounced changes were seen in the lungs and liver. In the lungs, congestion of capillaries, edema fluid in the alveoli, hemorrhage, and finally the appearance of heart failure cells and thickening of the alveolar walls was the sequence of events. Pulmonary edema ( fig. 1 ) was more prominent in the animals that died within five days of the operation. After this time it was occasionally severe, but more often only moderate in amount. Likewise, hemorrhage was more likely to be severe in the animals dying within the first week. After this time it was not so uniformly seen. Occasionally perivascular hemorrhages were seen. The appearance of macrophages began within four days, and their activity was evidenced throughout the series. In many instances their number did not seem to parallel the amount of hemorrhage. Edema and infection may also be factors in their mobilization. The actual demonstration of unquestionable hemosiderin containing macrophages was noted at 34 days and later ( fig. 2) . Much earlier, at about seven days, questionable intracellular pigment was seen, but formalin pigment clue to formalin fixative made diagnosis difficult. Thickening of alveolar walls as seen in chronic congestive failure in humans was noted by the thirty-fourth day ( fig. 3) .
In the liver the more extreme acute passive congestion was seen in animals dying in the first week. Apparently the picture of acute passive congestion might intervene much later, as was seen in one animal after 94 days. Chronic passive congestion with atrophy of the liver cells in the central portion of the lobules was seen by the thirty-eighth day (fig. 4 ). Necros's of liver cells varying from focal to irregular areas usually in the central one-third to onehalf of the lobule was present in 10 rabbits. This had no relation to the survival time of the animal. This type of necrosis is commonly seen in humans dying of acute coronary thrombosis and is apparently due to sudden and prolonged anoxia of the liver cells. An unexpected finding was that of acute arteritis, or fibrinoid necrosis, of branches of the hepatic artery ( fig. 5 ). These might be only occasionally seen or in some cases nearly half the small arteries were affected. They were observed in six animals from the fifth to the twenty-seventh day. The necrosis involved mostly the outer layer of the media and adventitia and did not result in thrombosis or aneurysm.
DISCUSSION
Our results indicate that hypertensive congestive heart failure can be induced in rabbits by severe constriction of the abdominal aorta. This method has two important advantages: the simplicity of operative procedure, and the fact that no thoracic surgery is involved. In addition a high incidence of heart failure is realized. This permits institution of pertinent experimental procedures which could influence the course of events. For example, a group of rabbits could be subjected to low environmental temperatures, or to low salt diets, both before and after surgeiy. Such procedures are not feasible unless they can be repeated in a standardized animal preparation.
We suggest that the events leading to death occur in the following way. When the clamp is applied to the aorta, there is a reduction in blood flow to the kidneys and hindquarters. The circulatory system attempts to overcome this by elevating the blood pressure. However, before this occurs there is a time, one to six •days, during which the tissues distal to the clamp will have an Inadequate blood supply. Nevertheless, the general condition of the animal, which depends largely upon those organs proximal to the stricture (brain, heart, lungs, liver, stomach, and duodenum) seems to improve. If the animal is unable to cope with the rapidly rising blood pressure by sufficient left ventricular hypertrophy, the congestion and •edema of the lungs will cause death. Those animals which survive for the longer periods •of time develop sufficient cardiac hypertrophy to meet the rapidly rising blood pressure. The •exact time of death of these rabbits which live for more than two weeks will be determined in part by intercurrent diseases and by the ability of the blood supply to nourish the rapidly growing heart muscle.
It should be emphasized that severe aortic •constriction causes an exceptionally fast rise in blood pressure as compared with other methods of inducing experimental hypertension. When •constriction of the aorta is less severe than the •degree used here, hypertension develops within one week to a month and death is usually not that of congestive heart failure. It is doubtful if heart failure ever develops in animals which have experimental hypertension induced by renal artery constriction. Goldblatt in his recent monograph does not mention it. 9 It has not been seen in any member of an extensive series of renal hypertensive rabbits studied in this laboratory. 10 Yet these animals may live for years with a higher blood pressure than occurs in the animals cited in this paper.
Another factor contributing to death is the presence of right heart failure. Right heart failure supervenes in this type of experimental heart failure in both the short and long lived rabbits as evidenced by the pathologic changes in the liver. Microscopic sections showed that generally lung edema was most severe (3 plus) at from five to seven days with acute passive congestion of the liver. However, in animals which lived for more than two weeks the grade of lung edema generally fell to 0 to 1 plus, with the liver showing the results of chronic passive congestion after one month. It would seem that when the animal survives with rightsided heart failure for more than two weeks the lung edema is relieved. Thus death will be postponed until one of the other factors interferes, as mentioned above.
Fibrinoid necrosis or acute arteritis has been noted by other authors in the liver of hypertensive rabbits, but only in connection with arteritis elsewhere." Six of our animals displayed isolated necrosis of arteries in the liver. Although all organs in our animals were not examined for arterial necrosis, those which were examined histologically, including heart, lung, kidney, and adrenals, had no evidence of the lesion. SUMMARY 1. Constriction of the abdominal aorta in rabbits is a simple operative procedure which elicits a high incidence of congestive heart failure.
2. Seventeen of 33 animals died within two weeks. Death is preceded by a persistent arterial hypertension and signs of congestive heart failure.
3. Both autopsy findings and microscopic sections of tissues from animals which died within a month revealed predominantly the picture of acute passive congestion in liver and lungs. After this period of survival, evidence of chronic passive congestion was often seen in both liver and lung tissue. This was evidenced by heart failure cells in the lungs and atrophy of central portions of lobules of liver.
4. Fibrinoid necrosis confined to branches of the hepatic artery was noted in 6 of 27 animals.
